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ABSTRACT
We investigate the capability of ongoing radio telescopes for probing Faraday
rotation measure (RM) due to the intergalactic magnetic field (IGMF) in the
large-scale structure of the universe which is expected to be of order O(1) rad/m2.
We consider polarization observations of a compact radio source such as quasars
behind a diffuse source such as the Galaxy, and calculate Stokes parameters
Q and U assuming a simple model of the Faraday dispersion functions with
Gaussian shape. Then, we perform the Fisher analysis to estimate the expected
errors in the model parameters from QU-fitting of polarization intensity, account-
ing for sensitivities and frequency bands of Australian Square Kilometer Array
Pathfinder, Low Frequency Array, and the Giant Meterwave Radio Telescope.
Finally, we examine the condition on the source intensities which are required
to detect the IGMF. Our analysis indicates that the QU-fitting is promising for
forthcoming wideband polarimetry to explore RM due to the IGMF in filaments
of galaxies.
Subject headings: magnetic fields — polarization — intergalactic medium —
large-scale structure of universe
1. Introduction
The intergalactic magnetic field (IGMF) in clusters and filaments of galaxies has at-
tracted much attention. A number of mechanisms which produce primordial magnetic fields
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in early universe have been proposed, such as inflation (Turner & Widrow 1988; Demozzi et al.
2009), phase transition (Hogan 1983), density fluctuations (Takahashi et al. 2005; Ichiki et al.
2006) and reionization (Langer et al. 2003, 2005; Ando et al. 2010). If such seed fields of any
origins existed in the intergalactic medium (IGM) in early universe, they would have been
amplified through compression and dynamo process caused by the hierarchical structure for-
mation with dark matter, and affected also by activities of galaxies (e.g., Ryu et al. (1998);
Dubois & Teyssier (2008); Ryu et al. (2008); Dolag and Satasyszyn (2009); Donnert et al.
(2009); Xu et al. (2010, 2011)). Since filaments of galaxies are the front of the IGMF evo-
lution, explorations of the IGMF in filaments of galaxies as well as clusters of galaxies are
critically important to elucidate generations of seed fields, dynamics of the IGM, and activ-
ities of galaxies.
Cosmic magnetic fields including the IGMF have been investigated through observations
of Faraday rotation (for another method to probe the IGMF using gamma-rays see, e.g.,
Takahashi et al. (2012, 2013) and references therein.) Faraday rotation is the rotation of the
polarization plane of electromagnetic waves due to magnetic fields in the propagation region.
Multiple observations of the polarization angle with different wavelengths give the Faraday
rotation measure (RM), which is the integration of magnetic fields along the line of sight
(LOS) with a weight of electron density. Assuming the distribution of the electron density
of the plasma, LOS magnetic field strength can be estimated from the RM. This method
has been successfully applied to the studies of magnetic fields in external galaxies (e.g.,
Gaensler et al. (2005); Beck (2009)) and in galaxy clusters (e.g., Carilli & Taylor (2002);
Govoni et al. (2010)).
This method, however, is not effective in the case that the intervening magnetic fields
of our interest do not dominate the observed Faraday rotation. Such a situation actually
arises in the case of studying RM due to the IGMF in filaments of galaxies. For instance,
Akahori & Ryu (2010, 2011) recently simulated that the root-mean-square (rms) value of
RM due to the IGMF in filaments of galaxies is 1-several rad/m2. On the other hand, the
RM due to the Galactic magnetic field, which always exist as an inevitable contamination for
studying extragalactic ones, is generally much larger than those values and, even toward high
galactic latitude, they are comparable (Mao et al. 2010; Still et al. 2011; Akahori et al. 2013).
Therefore, we need the sophisticated methods which enable us to estimate and subtract the
RM from the Galaxy and/or any other contaminations.
Recent dramatic extensions of wideband polarimetry allow us to apply some new ap-
proaches. One of the promising methods to estimate the LOS distribution of RM is Faraday
tomography or Faraday RM Synthesis (Burn 1966; Brentjens & de Bruyn 2005). Actually,
Akahori et al. (2012) demonstrated that part of the RM due to the IGMF could be directly
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detected with future ultra-wideband polarimetry by the Square Kilometer Array (SKA) or its
pathfinder/precursors such as the Australian Square Kilometer Array Pathfinder (ASKAP),
LOw Frequency ARray (LOFAR) and the Giant Metrewave Radio Telescope (GMRT). Fara-
day tomography will be further improved with developments of decomposition techniques
such as phase correction (Brentjens & de Bruyn 2005) and RMCLEAN (e.g., Heald (2009);
Bell et al. (2012)).
Another promising method, which we study in this paper, is the so-called QU-fitting,
where one constructs a source model and estimates the parameters of the model by fitting the
data, Stokes parameters Q and U as functions of the wavelength, with the model. Using the
method, O’Sulivan et al. (2012) recently studied four bright quasars with the Australia Tele-
scope Compact Array (ATCA). They found that two of the four quasars are not well fitted
with a model with a single component, and concluded that each quasar has multiple com-
ponents with different RMs. This method is very powerful to interpret the source structure,
especially in the case of multiple sources, when wideband data is available (Farnsworth et al.
2011). Thus, we expect that the QU-fitting is also suited to the study of the IGMF in fil-
aments of galaxies which is located between the radio source and the Galaxy or external
galaxies along the LOS.
In this paper, we investigate how accurately the QU-fitting method can identify a weak
IGMF such as that in filaments of galaxies with ongoing radio telescopes including the
ASKAP, LOFAR, and GMRT. We consider an observation of a compact source such as
quasars behind a diffuse source such as the Galaxy. RM due to the IGMF is naturally
incorporated into the source model as a difference of RMs of the two radio sources. We
employ the Fisher analysis to estimate the expected error in RM of the IGMF, accounting
for the telescope’s frequency coverage, channels, and sensitivities. Below, in section 2, we
describe our model of polarization observations and procedure of the Fisher analysis. In
section 3, we show the results of the Fisher analysis. Finally, we give a summary and
discussion in section 4.
2. Model and Calculation
2.1. Basic Concepts
We start with defining key physical quantities in this paper. Hereafter, we consider the
case that cosmological redshift is not significant.
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The complex polarized intensity observed at a wavelength λ can be written as,
P (λ2) = p(λ2)I(λ2) = Q(λ2) + iU(λ2) (1)
where p is the degree of polarization, and I, Q and U are the Stokes parameters. Following
the same manner as that described by Brentjens & de Bruyn (2005), the polarized intensity
can be written as
P (λ2) =
∫ +∞
−∞
F (φ)e2iφλ
2
dφ, (2)
where F (φ) is the Faraday dispersion function (FDF), which is a complex polarized intensity
per unit Faraday depth, φ. The Faraday depth (rotation measure, RM) to the source located
at physical distance, x, is given by
φ(x) = 810
∫ 0
x
ne(x
′)B‖(x
′)dx′
rad
m2
, (3)
where ne is the electron density in units of cm
−3, B‖ is the magnetic field strength along the
LOS in µG, and x′ is the physical distance in kpc.
In the QU-fitting method, we first suppose distribution of radio sources and magnetic
fields, then construct the corresponding model F (φ) with free parameters such as RM due
to the IGMF. The free parameters are estimated by fitting the model Q and U data with
the observed Q and U data. In this paper, instead of using the observed data, we investigate
the expected errors on the fit by the Fisher analysis (Section 2.4).
Alternatively, F (φ) can be directly derived from polarization data P (λ2) by the inverse
of Eq. (2),
F (φ) =
∫ +∞
−∞
P (λ2)e−2iφλ
2
dλ2. (4)
This method is called Faraday tomography or Faraday RM Synthesis. Although we do not use
Faraday tomography in this paper, Eq. (4) will be useful for the QU-fitting method because
it can be used to guess the reasonable F (φ) to be fitted and to check the consistency of the
results of the fitting. Readers who have interests in the detailed explanations and applications
of Faraday tomography should refer to recent works (e.g., Brentjens & de Bruyn (2005);
Schnitzeler et al. (2007, 2009); Heald (2009); Heald, Braun, & Edmonds (2009); Mao et al.
(2010); Frick et al. (2011); Li et al. (2011); Andrecut et al. (2011); Akahori et al. (2012) and
references therein).
– 5 –
2.2. Model FDF
We construct a model F (φ) as follows. We consider an observation of a compact source
such as quasars through a diffuse source such as the Galaxy assuming the existence of the
IGMF in the cosmic web. An example of the model FDF is shown in Fig. 1. We regard them
as Faraday thick sources, which have finite thickness in φ space. Finite thickness is induced
by magnetized plasma co-existing with the cosmic-rays emitting synchrotron radiation. The
main results in this paper will be rather improved if Faraday thin (the thickness is small
enough) sources are available, since they sharpen the gap (see below).
If the IGMF exists between the diffuse and compact sources and the sign of the RM due
to the IGMF is the same as those of the two sources, there is a gap between the two sources
in φ space (Fig. 1). This is because polarized intensity of the IGM is expected to be much
smaller than those of the sources. Hence, if we obtain small errors in the model parameters
enough to identify the gap, this means the detection of the IGMF and we can estimate its
strength assuming the electron density of the IGM. Although the above situation that the
signs of all RMs are the same does not always happen, we can choose such a source from
many sources.
In fact, the gap between the two sources in φ space is also induced by intrinsic RMs of
the sources, that is, RMs associated with the source but located out of the radio-emitting
region, and RMs from a population of discrete intervening galaxies. These contributions
shift the FDFs of the sources in φ space, which can cause a significant uncertainty in the
estimation of the IGMF. However, effects of any intrinsic RMs could decrease by (1 + z)−2
if we observe high-redshift sources, and the LOS containing intervening galaxies could be
excluded based on a tight correlation with optical absorption (see Akahori et al. (2012) for
further discussions).
We assume a Gaussian shape of the sources in φ space, so that each source is charac-
terized by the position, width, amplitude of polarized intensity, and the polarization angle.
As will be discussed later, the Gaussian shape would not be realistic but this assumption
makes analyses much simpler. Thus, the model FDF can be written as,
F (φ) =
fd√
2πδφd
e2iθd exp
{
−(φ− φd)
2
2δφ2d
}
+
fc√
2πδφc
e2iθc exp
{
−(φ− φc)
2
2δφ2c
}
, (5)
where φd and φc are the Faraday depths up to the centers of the sources in units of rad/m
2,
δφd and δφc are in rad/m
2, which determine the Faraday thickness of the source, fd and
fc are the polarized intensities in mJy, and θd and θc are the initial polarization angles in
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radian. Here subscripts d and c represent the diffuse and compact sources, respectively.
Therefore, our FDF model consists of total eight parameters.
To quantify the IGMF, we define the Faraday depth of the source as 3-σ region from
the center in φ space, and define RM due to the IGMF, RMIGMF, as
RMIGMF = (φc − 3δφc)− (φd + 3δφd) . (6)
Akahori & Ryu (2010) estimated the rms value of RM through a single filament at the local
universe to be ∼ 1 rad/m2. Then, Akahori & Ryu (2011) extended the study for filaments
of galaxies up to the redshift of z = 5, taking the redshift distribution of radio galaxies into
account. They found that accumulation of RM through multiple filaments is a random walk
process, and, up to z = 5, the rms value reaches several rad/m2. Accounting for their results,
below we consider RM of the IGMF in the range of RMIGMF = 1− 3 rad/m2.
2.3. Specification of Radio Observatories
We investigate expected errors in RMIGMF from future observations with ideal combina-
tions of ongoing radio telescopes including ASKAP, GMRT and LOFAR. Table 1 shows the
specifications of the telescopes. The adopted observatories cover wide frequency band from
∼100 MHz to ∼2 GHz, though there are a lack of data around ∼400-500 MHz. We do not
use LOFAR LBA (30-80 MHz) in this study, since polarization is almost fully depolarized
in this range and the inclusion of this lowest band data does not improve our results.
For a given number of channels, we divide λ2 space evenly so as to divide the φ space
evenly, according to the conjugate relation between λ2 and φ. We notice that even sampling
in λ2 space in the observation is an important subject for future radio astronomy.
The sensitivity for the binned channel is calculated by reference to the specifications of
these telescopes (Table 1) taking into account the fact that these sensitivities are calculated
in frequency space, not in λ2 space. For ASKAP and GMRT, we calculate the sensitivities
from bandwidth of each channel (B) and system temperature (Tsys) and total collecting area
(Aeff) of each telescope (Table 1) using the equation
S =
kBTsys
Aeff
√
Bt
, (7)
where S is the sensitivity of each channel, kB is the Boltzmann constant and t is the obser-
vation time. For LOFAR, we calculate the sensitivities by converting sensitivities described
in LOFAR website (Table 2) taking the bandwidths into account. We suppose one hour
exposure in this paper.
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2.4. Fisher Analysis
Given observational data, the maximum likelihood analysis gives a set of model parame-
ter values which maximizes the likelihood function. The expected errors in model parameters
by this technique can be estimated by the Fisher analysis (e.g., Coe (2009)). Fisher matrix
is defined as
Fij = −∂
2 lnL
∂pi∂pj
∣∣∣∣
~p=~˜p
=
1
2
∂2χ2
∂pi∂pj
∣∣∣∣
~p=~˜p
, (8)
where L is the likelihood function, pi is the i-th model parameter, ~p = (p1, p2, · · ·) is a set
of parameters and ~˜p = (p˜1, p˜2, · · ·) is the fiducial set of parameters around which confidence
regions are put. In the last equation, we assumed a Gaussian likelihood and the Fisher
matrix can be written with the Chi-squared value,
χ2(~p) =
N∑
l=1
[
Yl(~p)− Yl(~˜p)
]2
σ2l
, (9)
where N is the number of data, Yl is the l-th data calculated from the model with the
indicated set of parameters, and σl is the observational error. Noting that the Fisher matrix
is evaluated at ~p = ~˜p, it can be reduced to
Fij =
N∑
l=1
1
σ2l
[
∂Yl(~p)
∂pi
∂Yl(~p)
∂pj
]
~p=~˜p
. (10)
In our case, observational data is the Stokes parameters, Q and U , for each channel and
telescope and by substituting them to Yl(p) in Eq. (10), the Fisher matrix can be expressed
as,
Fij =
N∑
l=1
[
1
σ2(λ2l )
{
∂Qmod(λ
2
l ; ~p)
∂pi
∂Qmod(λ
2
l ; ~p)
∂pj
+
∂Umod(λ
2
l ; ~p)
∂pi
∂Umod(λ
2
l ; ~p)
∂pj
}
~p=~˜p
]
, (11)
where the Qmod and Umod are the Stokes parameters at the central wavelength λl of the lth
channel calculated from the assumed model.
From the Fisher matrix, the expected 1-σ error of the i-th parameter which is marginal-
ized over the other parameters is given by,
σ2pi =
(F−1)
ii
, (12)
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and the covariance between the i-th and j-th parameters is given by,
σ2ij =
(F−1)
ij
. (13)
We will show the confidence region of the model parameters calculated with the above for-
mulation. We note that the confidence regions obtained from the Fisher analysis sometimes
spread into physically meaningless regions in the parameter space such as where δφd is nega-
tive. This is because the shape of χ2 around the fiducial values are assumed to be quadratic
in terms of the parameters. In these cases, we simply cut the confidence regions at the
boundaries.
3. Result
3.1. Representative Case
We first show the result of the representative case with fd = 0.1 mJy, φd = 9.0 rad/m
2,
δφd = 3.0 rad/m
2, θd = π/4 radian, fc = 0.1 mJy, φc = 22.2 rad/m
2, δφc = 0.4 rad/m
2, and
θc = 0.0 radian (Fig. 1). The resultant RMIGMF is 3.0 rad/m
2. Since the peak amplitude
of the FDF is proportional to f/δφ (Eq. 5), the compact source is brighter than the diffuse
source for the same f (fd = fc) but different δφ (δφd > δφc).
The top panel of Fig. 2 shows the Stokes parameters Q and U , and the polarized
intensity |P |, calculated from the model FDF by Eq. (2). In the bottom panel of Fig. 2, the
observation bands of ASKAP, GMRT and LOFAR are indicated as well as |P |. The value
of |P | globally decreases with increasing wavelength because of the Faraday depolarization,
which is caused by Faraday thickness of each source and is more significant for the diffuse
source with a larger thickness. There also exist wavelength-independent depolarization,
which is caused by the interference between the two sources. As a result, the polarized
intensity significantly drops to O(10−2) mJy at the LOFAR band. Thus, the diffuse source
can be mainly observed with ASKAP, while GMRT and LOFAR are sensitive to the compact
source.
Fig. 3 shows the 1-σ confidence ellipses obtained from the Fisher analysis for some
selected pairs of model parameters. The black dashed, the blue dotted, and the red solid lines
correspond to the results for ASKAP only (A) and the combinations of ASKAP + LOFAR
(AL) and ASKAP + GMRT + LOFAR (AGL), respectively. The assumed parameters are
indicated by crosses. We can see that pairs of parameters are more or less correlated each
other, and the confidence region is improved when we consider combination observations.
We only show combinations including ASKAP, because the confidence regions are much
– 9 –
larger without ASKAP. This is related to the fact that the diffuse component can be mainly
observed with ASKAP. Also, the results for ASKAP + GMRT turned out to be almost the
same as those for ASKAP + GMRT + LOFAR, and are not shown.
We find that δφc, the parameter which determine the Faraday thickness of the com-
pact source, is hardly determined by the observation with ASKAP alone. Because δφc is
one of the parameters which defines the IGMF (Eq. 6), it implies that ASKAP itself can-
not well constrain RMIGMF. This weak constraint by ASKAP is ascribed to the fact that
short-wavelength observations cannot resolve small-scale structure in φ space. Actually, the
parameter degeneracy and the constraint on δφc are dramatically improved by the additions
of longer-wavelength observations by GMRT and LOFAR.
To see how much RM due to the IGMF is constrained, we take RMIGMF as an indepen-
dent variable instead of φc. Fig. 4 shows the 1-σ confidence ellipses for model parameters
with RMIGMF. Also the relative errors, which is the marginalized one-dimensional errors
divided by the true values, are shown in Fig. 5 for the three combinations of the telescopes.
For ASKAP alone, the error is so large that zero IGMF (RMIGMF = 0) is not excluded at 1-σ
level. When we combine LOFAR, the situation drastically improves and zero IGMF can be
excluded at about 2-σ significance. By the full combination of ASKAP, LOFAR and GMRT,
the significance increases up to about 6-σ. Thus, combination of these telescopes is very
effective to probe the IGMF. Other parameters are also well determined by the combination
of the telescopes, within 20% for most of them. Only δφc can not be determined well even
by the combination. This is because of the lack of the sensitivity at long wavelengths where
both sources become very dim due to the depolarization.
3.2. Required Intensities to Detect the IGMF
We next consider general cases for various FDF models. We focus on some essential
parameters to study the possibility of detecting the IGMF. Specifically, we examine the
condition on the source intensities that the IGMF can be detected by our method. We vary
the three parameters, fd, fc and φc, and fix the other five parameters, φd = 9.0 rad/m
2,
δφd = 3.0 rad/m
2, θd = 0 radian, δφc = 0.4 rad/m
2, and θc = π/4 radian (same as the
previous section). Varying φc is equivalent to varying RMIGMF for the fixed φd, δφd, and
δφc, according to Eq. (6).
Fig. 6 shows the regions on fc-fd plane where non-zero IGMF is detected by 3-σ
significance for a given RMIGMF value, that is, 3-σ error in RMIGMF is smaller than the
value of RMIGMF itself. Two cases with RMIGMF = 1.0 and 3.0 rad/m
2 are plotted for each
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combination of the telescopes. Brighter sources are generally necessary for a smaller value
of RMIGMF. In the case with RMIGMF = 1.0 rad/m
2, we need much brighter (by a factor of
ten) sources compared with the case with RMIGMF = 3.0 rad/m
2 and the combination of the
telescopes are very effective. On the other hand, in the case with RMIGMF = 3.0 rad/m
2,
even ASKAP alone can detect IGMF with relatively faint sources (∼ 1 mJy). Considering
the Galaxy as a diffuse source with an intensity,
I ∼ 0.95
(
f
1 GHz
)−1.5(
Ω
1 arcmin2
)
mJy, (14)
(Gold et al. 2011) where f is the frequency and Ω is the beam size, we need a compact source
as bright as ∼ 20 µJy and ∼ 10 µJy for RMIGMF = 1.0 and 3.0 rad/m2, respectively.
4. Discussion and Summary
In this paper, we studied the capability to probe the intergalactic magnetic field (IGMF)
by radio polarimetry using ongoing radio telescopes such as ASKAP, GMRT, and LOFAR.
We considered observations of a compact radio source such as quasars through a diffuse source
such as the Galaxy and constructed a model of Faraday dispersion function along a line of
sight, where the IGMF appears as a gap between the two sources. We performed the Fisher
analysis accounting for frequency coverages, number of channels, and the sensitivities of these
telescopes, and evaluated errors in the RM of the IGMF expected by future observation with
the three telescopes. We examined the condition on the source intensities which enable us
to detect the IGMF. It was shown that the IGMF with the rotation measure as small as
3.0 rad/m2 can be detected by observing a compact source with intensities of 20 µJy with
the combination of the three telescopes.
The above result is obtained in the best case and in reality there could be a number
of the factors which introduce additional uncertainties on the fit, such as the polarization
purity and errors of the polarization calibration as well as time variabilities of the ionospheric
contamination and the radio frequency interference. Furthermore, in our analyses, it is
critical to assume a specific shape of the Faraday dispersion function of the sources, as we
adopted the Gaussian shape. Although the Gaussian, top-hat and delta-function shapes have
conventionally been used in the literature (Burn 1966; Sokoloff et al. 1998; O’Sulivan et al.
2012; Akahori et al. 2012), the source shape, especially galactic one, would actually be more
complicated. If this is the case, the boundary of the source may be more ambiguous, which
makes it rather difficult to probe IGMFs because they are identified as a gap between two
sources. Consequently, constraints on model parameters including the RM of the IGMF
would become weaker in a realistic situation. Nevertheless, the results obtained here would
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give a reasonable estimate of the parameter errors if the real Faraday dispersion functions are
relatively simple with small skewness. To be more realistic, we will need galaxy models which
simulate the distribution of global and turbulent magnetic fields and high-energy electrons
which emit synchrotron radiation. Study of realistic Faraday dispersion function of galaxies
and the possibility of detecting IGMFs with it are currently ongoing and will be presented
elsewhere.
Combination observations with ASKAP, GMRT, and LOFAR can cover wide frequency
bands from ∼100 MHz to ∼2 GHz. But there are a lack of data around ∼400-500 MHz.
We expect that the QU-fitting method would provide much better results for future SKA
observations with seamless, ultra-wide frequency coverage. Note that our analyses are easily
applied to other telescopes. Further, we can also consider a compact source behind an
external galaxy as well as the Galaxy. In this case, the Faraday dispersion function has
three components including the Galaxy and the IGMFs would appear as gaps between the
sources depending on their configuration. Thus, targeting a compact source behind a bright
external galaxy would enhance the possibility of detecting IGMFs.
To get an initial guess of model Faraday dispersion function in actual observations,
Faraday tomography will be useful. Although limited frequency bands give us only its im-
perfect reconstruction, RMCLEAN and/or other method which improve the reconstruction
will allow us to develop a more reasonable dispersion function (Heald 2009; Bell et al. 2012).
Development in this direction is also of crucially importance to find the IGMF in filaments
of galaxies.
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Table 1. Specifications of radio observatories.
Observatory Frequency System temperature Effective area Number of channels
(GHz) (K) (m2)
LOFAR HBAa 0.120–0.240 - - 156,000
GMRT 327b 0.305–0.345 108 30000 256
GMRT 610b 0.580–0.640 102 30000 256
ASKAPc 0.700–1.800 50 4072 60,000
ahttp://www.astron.nl/radio-observatory/astronomers
bAnanthakrishnan (1995)
chttp://www.atnf.csiro.au/projects/mira/specs.html
Table 2. Sensitivity of the LOFAR array with bandwidth of 3.57 MHz∗ .
Frequency Sensitivity
(MHz) (mJy)
120 0.20
150 0.16
180 0.18
200 0.20
210 0.21
240 0.23
∗http://www.astron.nl/radio-
observatory/astronomers/lofar-
imaging-capabilities-
sensitivity/sensitivity-lofar-
array/sensiti
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Fig. 1.—Model Faraday dispersion function with, (fd, φd, δφd, θd, fc, φc, δφc, θc) = (0.1 mJy,
9.0 rad/m2, 3.0 rad/m2, π/4 rad, 0.1 mJy, 22.2 rad/m2, 0.4 rad/m2, 0.0 rad). In this case,
RMIGMF = 3.0 rad/m
2.
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Fig. 2.— Top panel: Polarized intensity |P | (solid) and Stokes parameters Q (dash-dotted)
and U (dotted), as functions of λ2 which are calculated from the Faraday dispersion function
shown in Fig. 1. Bottom panel: The band frequencies of ASKAP (black), GMRT (blue) and
LOFAR (red), and polarization intensity |P |.
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Fig. 3.— Expected 1-σ confidence ellipses for model parameters. Black dashed lines for
ASKAP observation (A), blue dotted lines for ASKAP + LOFAR (AL) and red solid lines
for ASKAP + GMRT + LOFAR (AGL). The assumed model parameters are the same as in
Fig. 1 and expressed by crosses.
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Fig. 4.— Same as Figure 3 but φc is replaced with RMIGMF.
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Fig. 5.— Comparison of ratios of the marginalized 1-σ errors to the parameter value in
a logarithmic scale, log(δpi/pi), for various combinations of the telescopes. The three thin
horizontal lines with labels 1, 2 and 6σ are the significances to be able to constrain the
parameters which correspond to pi/δpi. In the case of RMIGMF, these correspond to signifi-
cances to be able to exclude zero IGMF (RMIGMF = 0). Labels A, AL and AGL represent
ASKAP alone, ASKAP + LOFAR and ASKAP + GMRT + LOFAR, respectively.
– 20 –
 0.001  0.01  0.1  1  10  100
 0.001
 0.01
 0.1
 1
 10
 100
A
AL
AGL
fd
[mJy]
fc [mJy]
RMIGMF=
3 rad/m2(thin)
1 rad/m2(thick)
Fig. 6.— Source intensities for the IGMF to be detected with 3-σ significance. Black
dashed lines are the intensities for ASKAP observation (A), blue dotted lines for ASKAP +
LOFAR (AL) and red solid lines for ASKAP + GMRT + LOFAR (AGL). Two cases with
RMIGMF = 1.0 rad/m
2 (thick lines) and 3.0 rad/m2 (thin lines) are shown. In the up-right
regions of the lines, the IGMF is detected more than 3-σ significance.
